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[*H]palmitic acid was metabolically incorporated into the viral fusion protein (F) of Edmonston or freshly
isolated measles virus (MV) during infection of human lymphoid or Vero cells. The uncleaved precursor F, and
the F, subunit from infected cells and extracellular virus were both labeled, indicating that palmitoylation can
take place prior to F, cleavage and that palmitoylated F protein was incorporated into virus particles.
[*H]palmitic acid was released from F protein upon hydroxylamine or dithiothreitol treatment, indicating a
thioester linkage. In cells transfected with the cloned MV F gene, in which the cysteines located in the
intracytoplasmic and transmembrane domains (Cys 506, 518, 519, 520, and 524) were replaced by serine, a
major reduction of [°*H]palmitic acid incorporation was observed for F mutated at Cys 506 and, to a lesser
extent, at Cys 518 and Cys 524. We also observed incorporation of [*H]palmitic acid in the F, subunit of canine
distemper virus F protein. Cell fusion induced by cotransfection of cells with MV F and H (hemagglutinin)
genes was significantly reduced after replacement of Cys 506 or Cys 519 with serine in the MV F gene.
Transfection with the F gene with a mutation for Cys 518 abolished cell fusion, although less mutant protein
was detected on the cell surface. These results suggest that the F protein transmembrane domain cysteines 506

and 518 participate in structures involved in cell fusion, possibly mediated by palmitoylation.

A number of viral and cellular proteins have been found to
be modified by palmitoylation and myristoylation. This list
includes viral membrane proteins, cell receptors, and a number
of proteins involved in cell signaling or metabolic regulation
(12, 21, 22). Myristoylation is a cotranslational modification
occurring at the amino terminus, while palmitoylation takes
place posttranslationally and prior to transport of the protein
through the Golgi system. Palmitoylation involves the addition
of a 16-carbon saturated fatty acyl moiety via thioester or ester
linkage to cysteine, serine, or threonine residues and, in con-
trast to myristoylation, it may be reversible (39). Although the
possible roles of fatty acid acylations are not currently known,
there are suggestions that protein palmitoylation may modify
protein conformation and functions such as protein targeting
(5, 11, 16, 18), lateral diffusion on the membrane (36), protein
oligomerization (1, 26), or cytoplasmic protein association with
membranes for transmembrane proteins (38).

A function for palmitoylation of viral proteins has not yet
been demonstrated. There are suggestions that this posttrans-
lational modification may influence the infectivity of influenza
virus particles (46) or tissue invasiveness (14). For Sindbis
virus, it was shown that replacing acylated cysteine residues of
both the 6K protein and the E2 glycoprotein influences virus
assembly and budding (10, 13). A possible function for palmi-
toylation of viral proteins in cell fusion activity has been re-
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ported by some researchers for influenza virus (23) and was
found negative for vesicular stomatitis virus (VSV) (41), influ-
enza virus (24, 27), and murine leukemia virus (45).

Some paramyxoviruses, such as Newcastle disease virus (7,
37) and simian virus 5, but not Sendai virus (40), have palmi-
toylated membrane glycoproteins. Data on fatty acylation of
morbillivirus proteins have not been reported. We show here
that palmitic acid, but not myristic acid, is incorporated in
measles virus (MV) proteins. Palmitoylation was found only in
the F, precursor and the F, subunit of MV and canine distem-
per virus (CDV). The fusion protein allows virus entry and
cell-to-cell transmission of the virus by inducing membrane
fusion. The F protein of MV is a tri- or tetrameric type 1
membrane glycoprotein whose monomers are bound by hydro-
phobic forces and which is synthesized in the endoplasmic
reticulum as an inactive precursor, F,,. The fully glycosylated F,,
is cleaved into F, and F, subunits, which are joined by disulfide
bonds to form the functional F protein (30, 43). We report
here that palmitic acid is incorporated through thioester bonds
into F, and F,, and transfection of the F gene, subjected to
site-directed mutagenesis to replace cysteines by serines, indi-
cated that the majority binds to Cys 506 and, to a lesser degree,
to Cys 518 and 524 of the MV F protein. To elucidate the
possible functions of this modification, we cotransfected cells
with MV H and mutated F genes and measured the induction
of cell fusion. We have found that F protein Cys 506 and 518
are important for cell fusion activity, possibly through their
palmitoylation.

MATERIALS AND METHODS

Cells, virus, and plasmid vectors. MOLT4 and Dakiki cells were maintained
in RPMI medium supplemented with glutamine, penicillin-streptomycin, and
10% fetal calf serum. Growth of the Edmonston strain and the recent MV isolate
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Ma93F (32) was done as described previously (8). Growth of the Onderstepoort
strain of CDV was done on Vero cell monolayers in Dulbecco’s modified Eagle
medium supplemented with 2% fetal calf serum, glutamine, and gentamycin. The
recombinant vaccinia virus VIF7-3 (which expresses T7 RNA polymerase) was
grown in Vero cells, as described by Fuerst et al. (9). Plasmids containing the
complete coding region of the F protein gene (nucleotides [nt] 537 to 2369)
(3F21) and the H protein gene (nt 1 to 1948) (3H18) of the MV Edmonston
strain were constructed. cDNAs obtained by reverse transcription-PCR with
primers having restriction enzyme sites were cloned downstream of the T7
polymerase promotor of vector pPGEM4Z (Promega).

Metabolic labeling of cells and immunoprecipitation of proteins. Cells were
[**S]methionine-cysteine labeled for 5 h, and proteins were immunoprecipitated
(radioimmunoprecipitation assay) as described previously (6) with 20 pCi of
TRAN®>S-label (1,200 Ci/mmol; ICN)/ml in a medium containing one-fifth the
normal concentration of Met and Cys. [*H]palmitic acid labeling of 2 x 10°
MOLT#4 and Dakiki cells was done, unless otherwise specified, for 5 h with 1 mCi
of [9,10-*H]palmitic acid (50 Ci/mmol; Amersham) in medium containing 1 mM
sodium pyruvate and 1% nonessential amino acids. CDV-infected Vero cells
showing about 70% cytopathic effects were labeled for 5 h with 1 mCi [9,10-
3H]palmitic acid/5 X 10° cells in medium containing 1 mM pyruvate and 1%
nonessential amino acids.

Guinea pig anti-MV antibodies used for immunoprecipitation of MV proteins
were from M. A. Bioproducts. Anti-F protein monoclonal antibodies (MAbs)
(kindly provided by R. Buckland, Institute Pasteur, Lyon, France) Ost-2 (from
A. D. M. E. Osterhaus, Erasmus University, Rotterdam, The Netherlands) and
263-5 (19) were used for immunoprecipitation and fluorescence-activated cell
sorter analysis, respectively.

Site-specific mutagenesis. Mutant F genes were derived from plasmid pGEM-
3F21 (wild type) with the Transformer mutagenesis kit (Clontec) and the selec-
tion primer 5'-ATTTCACACCGCCCATGGTGCACTC-3', following the sup-
plier’s instructions. The 27-nt oligomer (nt 2078 to 2104) 5'-CTGATTGCAGT
GTCTCTTGGAGGGTTG-3" was used to generate the Cys 506 mutant (the
specific mutated codon is underlined) (F gene residues are from the consensus
sequence of Radecke and Billeter [28]). The 37-nt oligomer (nt 2109 to 2145)
5'-GGATCCCCGCTTTAATATCTTGCTGCAGGGGGCGTTG-3" was used
to generate the Cys 518 mutant. The oligomer (nt 2109 to 2145) 5'-GGATCC
CCGCTTTAATATGTTCCTGCAGGGGGCGTTG-3" was used to generate
the Cys 519 mutant. The oligomer (nt 2109 to 2145) 5'-GGATCCCCGCTTTA
ATATGTTGCTCCAGGGGGCGTTG-3" was used to generate the Cys 520
mutant, and the 23-mer (nt 2135 to 2157) 5'-AGGGGGCGTTCTAACAAAA
AGGG was used to generate the Cys 524 mutant. To verify that only a single
change existed, mutant genes were sequenced in their entirety by dideoxynucle-
otide chain-terminating sequencing (34) and manual analysis or by using an
automated DNA sequencer (model ABI377-18; Perkin-Elmer). To verify the
identity of the mutated proteins and to assay their reactivity with the anti-F MAb
Ost-2, wild-type and mutant fusion proteins were synthesized in vitro with a
transcription-translation coupled reticulocyte lysate system (TNT; Promega).

Transient expression of F protein mutants. Fusion genes were expressed by
the recombinant vaccinia virus-encoding T7 polymerase system (9). MOLT4 cells
were transfected with plasmid DNA by using Lipofectin (GIBCO-BRL) essen-
tially as recommended by the manufacturer. For every 2.5 X 10° cells infected
with vaccinia virus VI'F7-3 at a multiplicity of infection of 10 PFU/cell, a mixture
of 1 to 2 wg of DNA and 5 wg of Lipofectin was used. Twenty hours after
transfection, the cells were labeled for 3 h with 60 p.Ci of [*H]palmitic acid or 30
nCi of TRAN?>S-label and processed as indicated.

Fusion assays. Fusion assays were performed with MOLT4 cells. Vaccinia
virus vI'F7-3 infection of MOLT4 cells produced very limited cytopathic effects
20 h postinfection, and syncytium formation by cotransfection of both fusion and
hemagglutinin genes is reproducible. Several concentrations of F and H plasmid
DNAs were tested for their fusion effects, and a 1:1 ratio was chosen as optimum
for fusion assays. Exponentially growing cells (2.5 X 10°) were cotransfected with
0.5 pg of plasmid DNA expressing F protein and 0.5 pg of plasmid DNA
expressing H protein. For flow cytometry analysis of surface F protein expres-
sion, transfected cells were incubated with anti-F MAb 263-5 and subsequently
with fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin G
for indirect staining.

RESULTS

Fusion proteins of measles virus and CDV are metabolically
labeled with [*H]palmitic acid. We labeled MOLT4 cells in-
fected with the MV Edmonston strain or Vero cells infected
with the CDV Onderstepoort strain with [*H]palmitic acid or
[*H]myristic acid under conditions in which little metabolism
of exogenous fatty acid occurs. Cell extracts and pelleted
extracellular virus particles were immunoprecipitated with
anti-MV guinea pig serum or anti-MV F MAb. The immuno-
precipitates were fractionated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) under reducing
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FIG. 1. (A) PAGE of [*H]palmitic acid (lanes 1 to 3)- and [*H]myristic acid
(lanes 4 and 5)-labeled polypeptides in Edmonston MV-infected MOLT#4 cells.
Extracellular (lane 1) and intracellular (lanes 2 to 5) viral proteins were labeled
for 15 h, immunoprecipitated with anti-MV guinea pig serum, and analyzed
under reducing (+) or nonreducing (—) conditions. A 25-day exposure of the
fluorogram is shown. Molecular masses (in kilodaltons) are on the right. (B)
Incorporation of [*H]palmitic acid into F protein of CDV. [*H]palmitic acid-
labeled intracellular polypeptides in uninfected (lane 2) and CDV-infected (lane
1) Vero cells and TRAN*S-labeled proteins from CDV-infected Vero cells
(lane 3) are shown. CDV proteins were immunoprecipitated with anti-MV
guinea pig serum and analyzed in a SDS-10% polyacrylamide slab gel. A 30-day
exposure of the fluorogram is shown. Molecular masses (in kilodaltons) are on
the left.

or nonreducing conditions. In MV-infected MOLT4 cells la-
beled with [*H]palmitic acid, radioactivity was incorporated
only into F protein (Fig. 1A) (also see Fig. 4). This result
agrees with the unpublished observation of Fabian Wild (cited
in reference 3). We detected [*H]palmitic acid in F, and F,
from both cell-associated and extracellular virus. No radioac-
tivity was detected in any MV proteins when infected cells were
labeled with [*H]myristic acid. When other cell lines were
labeled, such as the human B Dakiki cells or monkey Vero cells
(not shown) infected with Edmonston or primary MV isolates,
the radioactivity was incorporated into the cleaved and un-
cleaved forms of F protein, the F, and F,, proteins (Fig. 2). The
stoichiometry of F protein palmitoylation cannot be deter-
mined by metabolic radiolabeling because the specific activity
of the intracellular pool is not known. For comparison, the G
protein of the Indiana strain of VSV, which is known to be
modified by a single palmitate moiety (33, 35), was labeled in
parallel in infected Vero cells. The relative ratios of [*H]palmi-
tate to [>°S]methionine in both MV F, and VSV G were
compared. Correcting for the number of methionines in each
protein, our preliminary estimate is that F, protein carries an
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FIG. 2. Incorporation of [*H]palmitic acid into F protein of Edmonston
strain and wild-type isolate FV. [*H]palmitic acid-labeled intracellular polypep-
tides in Edmonston (ED) and primary isolate Ma93F (FV) virus-infected Dakiki
cells (2 X 10°) were immunoprecipitated with the anti-F MAb Ost-2 (A), and the
supernatant was immunoprecipitated with the anti-MV guinea-pig serum (B). A
20-day exposure of the fluorogram is shown. Molecular masses (in kilodaltons)
are on the right.

average of 1.6 molecules of palmitate (data not shown). In
Vero cells infected with CDV, the [*H]palmitic acid was also
incorporated into F, protein (Fig. 1B).

Identification of the lipid moiety of [*H] palmitic acid-la-
beled F protein. Since fatty acids can be metabolically altered
and interconvert to longer-chain variants, it was necessary to
chemically characterize the protein-associated radioactivity.
Gel-purified [*H]palmitic acid-labeled F protein was subjected
to complete acid hydrolysis, and the fatty acid released was
identified by organic solvent extraction and reverse-phase thin-
layer chromatography. The majority of incorporated radioac-
tivity migrated as the palmitic acid standard, with a peak at 6
cm from the origin, while the myristic acid standard migrated
7.5 cm (Fig. 3). Under the labeling conditions employed, most
of the radioactivity incorporated into the F protein thus re-
mained as palmitic acid.

Acylation of MV F protein occurs through thioester linkage
on cysteine residues. To investigate the nature of the fatty acid
linkage to F protein, the sensitivity of the palmitate-labeled
proteins to the action of hydroxylamine or reducing agents
such as dithiothreitol (DTT) was examined. If acylation of F
protein had occurred on the cysteine residues via a thioester
bond, as in the cases of other viral and cellular proteins, the
linkage would be susceptible to cleavage with hydroxylamine at
neutral pH. In contrast, acylation of serine residues occurs
through a hydroxyester bond, which is unaffected by this treat-
ment. Myristic acid, which is commonly attached through
amide linkages, is also not susceptible to cleavage by this treat-
ment. To examine the stability of the linkage, MV proteins
labeled with either [*H]palmitic acid or [**S]methionine-cys-
teine were immunoprecipitated and the immunocomplexes
were treated with hydroxylamine and analyzed by SDS-PAGE
and fluorography. Alternatively, the material was run in par-
allel gels, and after fixation, the gels were treated for 16 h at
room temperature with 1 M hydroxylamine (pH 8) or 1 M
Tris-HCI (pH 8). The [*H]palmitic acid label was cleaved by
hydroxylamine, whereas the [*°S] label was unaffected by this
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FIG. 3. Identification of fatty acid removed from F protein as palmitate.
Thin-layer chromatography of fatty acids from hydrolyzed [*H]palmitic acid-
labeled F protein from MV Edmonston-infected MOLT4 cells. Markers of
palmitic (P) and myristic (M) acids were detected under UV light after rhoda-
mine G impregnation, and radioactivity was estimated in a beta radiation
counter.

treatment (Fig. 4). The susceptibility to hydroxylamine at neu-
tral pH indicated that palmitic acid was attached to F protein
through thioester linkage. To confirm this result, we investi-
gated the sensitivity of [*H]palmitic acid label to reducing
agents. Densitometric tracing of autoradiography (Fig. 5) re-
vealed that over 85% of [°H]palmitic acid is released from F
protein after treatment with 0.2 M DTT. Coomassie blue stain-
ing of F protein bands showed that there was no significant loss
of protein following DTT treatment (not shown). Since oxygen
ester linkages are known to resist such treatment, these results
strongly support the idea that cysteine residues are the palmitic
acid linkage sites in MV F protein.

Replacement by serine of cysteine 506 or 518, located at MV
F protein transmembrane-cytoplasmic domains, inhibited pal-
mitoylation. Despite the increasing number of palmitoylation
sites identified, there appears to be no consensus motif for
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FIG. 4. Sensitivity of MV acylated proteins to hydroxylamine. Extracts from
MV Edmonston-infected MOLT4 cells labeled with TRAN*S-label (1) or
[*H]palmitate (2 and 3) were immunoprecipitated with anti-MV antibodies; the
immunocomplexes were treated with 1 M Tris-HCI (pH 8) or 1 M hydroxylamine
(pH 8) at room temperature for 3 h and analyzed by SDS-PAGE and fluorog-
raphy. Molecular masses (in kilodaltons) are on the right.
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FIG. 5. Sensitivity of acylated F protein to DTT. Fusion protein immuno-
complexes from [*H]palmitic acid-labeled MV Edmonston-infected MOLT4
cells were treated with increasing concentrations of DTT. Samples were heated
to 95°C for 5 min and subjected to SDS-PAGE and fluorography. The molecular
mass (in kilodaltons) is on the right.

predicting candidate cysteine residues, which may be acylated.
It has been reported for several viral glycoproteins that
palmitic acid is attached to the region between the transmem-
brane anchor and the cytoplasmic tail of the molecule. To
identify the palmitoylated cysteine residues of MV F protein,
we have investigated palmitate incorporation into wild-type
and mutant F proteins in which the cysteine residues located in
the transmembrane-intracytoplasmic domain (Cys 506, 518,
519, 520, and 524) have been mutated to serine (Fig. 6). After
site-directed mutagenesis, each mutation was confirmed by
sequencing the entire mutated F gene; Fig. 7 shows the se-
quences of mutated codons and the reactivity with specific F
MADs of the in vitro-transcribed and -translated F mutants.
The F protein expressed by transfection of MOLT4 cells
with cloned F protein ¢cDNA can also be labeled with
[*H]palmitic acid (not shown), indicating that no other viral
proteins are required for acylation. Cells cotransfected with H
genes and control or mutated F genes were labeled in parallel
with [*H]palmitic acid and [**S]methionine plus cysteine to
monitor the level of F protein palmitoylation and expression.
After immunoprecipitation, samples were fractionated by
SDS-10% PAGE under reducing conditions; *H label incor-
porated into the F protein band was measured by scintillation
counting of excised bands after transfer to polyvinylidene di-
fluoride membranes, and *3S radioactivity was measured by
autoradiography and densitometric analysis. Because the ex-
pression levels differed significantly, to normalize the
[’H]palmitate incorporation, the ratio of palmitate incorpora-
tion to methionine incorporation was determined for the mu-
tants and the wild-type F (Table 1). Figure 8 shows the fluoro-
graphic analysis of [*H]palmitic acid and TRAN®S-label

wWT
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Cys 518
Cys 519
Cys 520
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FIG. 6. Schematic diagram of mutations introduced at the transmembrane
domain of MV Edmonston fusion protein. The F protein is shown as two
rectangles, denoting the F, and F; subunits at the amino and carboxyl domains,
bound by a disulfide bridge. The amino acid sequence surrounding the predicted
transmembrane domain (TMD) is listed; the numbers represent the positions of
residues from the N-terminal methionine. For the mutants, only mutated resi-
dues are depicted. The nomenclature of the mutants specifies the original resi-
due at the position indicated.
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FIG. 7. Analysis of F gene plasmid mutants. (A) Sequence ladders of wild-
type (wt) plasmid 5'-AATAT(G)TT(G)CT(G)CAGGGGGCGTT(G)AAC-3’
and mutant plasmids Cys 524, Cys 520, Cys 519, and Cys 518. (B) Sequence
ladders of wild-type plasmid 5'-TTGCAGTGT(G)TCTT-3" and mutant plasmid
Cys 506. Arrows indicate mutated bases. (C) Protein synthesized in vitro by
plasmid DNA in a TNT system (Promega) after immunoprecipitation with anti-F
MAD. Mw, molecular weight markers (shown in thousands on the left).

incorporation into mutants 506, 518, and 524 from experiments
run in parallel. Mutation at Cys 506 and, to a lesser extent, at
Cys 518 inhibited the incorporation of [*H]palmitic acid into F
protein. In addition, a minor reduction of palmitate incorpo-
ration was observed for the mutation at Cys 524. Individual
substitution of the conserved cysteines 519 and 520 does not
affect palmitoylation of F protein mutants.

Mutation of Cys 506 or Cys 518 at the MV F protein trans-
membrane-cytoplasmic domains inhibited the induction of
syncytium formation. The expression of F protein mutants at
the cell surface of transfected MOLT4 cells is similar to that in
wild-type F, with the exception of that of the Cys 518~ mutant,
which is somewhat reduced as observed in flow cytometry
experiments (Table 2). The induction of syncytia is markedly
reduced, however, for the Cys 518" mutant and, to a lesser
extent, for Cys 506 and 519 mutants, as shown in Table 2 and
Fig. 9. The inability of the Cys 518~ mutant to cause fusion
does not appear to be an effect of the concentration of F, since
increasing the amount of Cys 518 plasmid DNA from 0.5 to 1.5
g does not augment syncytium induction (data not shown).
These results suggest that these cysteines at the transmem-
brane-intracytoplasmic domains participate in structures im-
portant for MV cell fusion activity.

DISCUSSION

We have shown that the fusion protein of primary isolates
and a vaccine strain of MV is palmitoylated during infection of
B and T cells and fibroblasts; CDV fusion protein is also
palmitoylated. These results suggest that this acylation may
have a function in the infection cycle of morbillivirus. MV F
protein incorporates palmitic acid through thioester linkage.
The C terminus of the F protein contains cysteine residues that
are highly conserved among the morbilliviruses (2, 20), one in
the cytoplasmic tail (Cys 524 for MV) and four in the putative
transmembrane domain (Cys 506, 518, 519, and 520 for MV),
with Cys 519 and 520 present in all members of the genus.
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TABLE 1. Palmitoylation of fusion protein mutants
5 e [>*S]Met and Cys" 37732
F protein [*Hlpalmitic acid*” (relative optical 3HL;SS
(cpm) density) (%)
Wild type 312 £ 78 1.65 £ 0.02 189 (100)
Cys 506~ 52+13 1.30 = 0.03 40 (21)
Cys 518~ 122 =30 0.88 = 0.08 139 (73)
Cys 519~ 237 £59 1.31 £ 0.04 182 (96)
Cys 520~ 244 * 61 1.14 £ 0.03 214 (113)
Cys 524~ 263 £ 66 1.72 £ 0.02 153 (81)

“ Values represent the specific radioactivity incorporated into F,, and F; by 4 X 10° transfected MOLT4 cells labeled for 3 h with 1 mCi of [*H]palmitic acid. The
proteins recognized by anti-F MAb Ost-2 were separated by SDS-PAGE, transferred to polyvinylidene difluoride membranes, and measured on a B-radiation

scintillation counter.

? Values are presented as means = standard deviations from three separate experiments.
¢ Densitometric values of F, and F; from SDS-PAGE autoradiography of 2 X 10° transfected MOLT4 cells labeled with TRAN3S-label after radioimmunopre-

cipitation assay with anti-F MAb Ost-2.

Employing site-specific mutagenesis, we have identified three
cysteine residues in the transmembrane-cytoplasmic domain as
acylation sites of MV fusion protein. Palmitoylation of MV
fusion protein appears to take place mainly at Cys 506 and, to
a lesser extent, at Cys 518 and Cys 524. The residues Cys 519
and 520 appear not to be palmitoylated. Although the assign-
ment of disulfide bridges in the fusion protein of MV is cur-
rently unknown, our findings suggest that these invariant res-
idues may participate in this type of structure. In any case, the
assignment of palmitoylation sites and the overall level of ac-
ylation determined by specific mutagenesis are relative, since
the acylation efficiency may be altered by changes in one of the
cysteine residues (14, 15, 24).

It is known that palmitic acid modifies some cellular and
viral membrane proteins, but the possible functions of this fatty
acid acylation have not been determined. We have studied the
induction of cell fusion by F mutants that lack cysteine at the
palmitoylation sites. As F mutant protein lacking a cysteine at
position 524 could induce fusion, it is unlikely that palmitoyl-
ation at this site would be of importance for fusion. The posi-
tion 518 F mutant does not induce fusion, suggesting that
palmitoylation at this site may be required for cell fusion. If we
assume that Cys 506 is palmitoylated on a majority of the
molecules, then Cys 518 would be palmitoylated on only a
minority. However, mutation of Cys 518 appears to have a
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FIG. 8. Palmitoylation of F mutants Cys 506, Cys 518, and Cys 524. MOLT4
cells cotransfected with the H gene and wild-type (wt) or mutant F plasmid DNA
were labeled with [*H]palmitic acid (A) or TRAN?*S-label (B). Cell lysates were
immunoprecipitated with MAb against F protein and subjected to SDS-PAGE,
and the fluorograms were exposed for 30 and 5 days, respectively. Mock trans-
fection was performed in the absence of plasmid DNA. Molecular masses (in
kilodaltons) are on the right and left.

major effect on membrane fusion. It therefore seems unlikely
that the palmitoylation at Cys 518 is responsible for the effect.
Alternatively, cysteine 518 itself may be required for this func-
tion. Such a result might be expected if the mutation altered or
destabilized the overall conformation of the protein. In fact,
the cellular level of the mutant Cys 518 protein detected by
immunoprecipitation and surface immunofluorescence was re-
duced by about 50%, possibly due to altered stability or a
modification of antigenic sites. The failure to overcome the
lack of fusion following an increase in the concentration of
mutant genes favors the latter alternative. Finally, the cysteine
residue at position 506 shows the highest palmitoylation level.
When Cys 506 was replaced by serine, the mutant was found to
induce fusion at a lower level, suggesting that palmitoylation at
position 506 is not absolutely required for fusion, but that it has
an accessory role. Our observation that F protein from extra-
cellular virus is also palmitoylated suggests that this acylation
may affect both cell-cell and virus-cell membrane fusion.

In addition to the fusion sequence at the amino terminus of
the F1 polypeptide (25, 31), other sequences, such as the cys-
teine-rich region that appears to be the site of interaction with
the MV H protein (42) and the leucine zipper structure N-
terminal to the transmembrane region (4, 44), seem to play
critical roles in maintaining a biologically active structure (17,
43). Our results suggest that the cysteines at the transmem-
brane domain, Cys 506, 518, and 519, are also functionally
involved in promotion of cell fusion. In contrast, transmem-
brane cysteine 520 and intracytoplasmic Cys 524 do not appear
to be specifically required for syncytium formation.

Since palmitoylation of F protein may participate in virus-

TABLE 2. Quantitation of expression and activities of fusion
protein mutants

F cell-surface

DNA fluorescence Syncytia (%)”
(%)ll

Wild type 49.8 (100) 810 = 54 (100)
Cys 506~ 51.8 (104) 366 = 7 (45)
Cys 518~ 37.4 (75) 12 £ 4 (1.5)
Cys 519~ 43.3 (86.8) 513 =32 (63)
Cys 520~ 48.0 (96.2) 755 =15 (93)
Cys 524~ 41.3 (83) 785 =5 (97)

“ Values are presented as the percentage of positively stained cells within the
gated area of live cells.

® Number of syncytia (>4 nuclei) per 2.5 X 10° transfected MOLT4 cells. The
values are means * standard deviations from three separate experiments.
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FIG. 9. Fusion of MOLT4 cells induced by wild-type (wt) and mutant F proteins. Typical areas of the culture were photographed at 20 h postinfection with a
Fluorovert-FS (Leitz) inverted microscope with contrast-phase optics and a magnification of X200.
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promoted cell fusion, it will be of interest to evaluate the
stoichiometry of F protein palmitoylation during lytic and per-
sistent infections by parental and nonfusogenic MV variants
(8). To elucidate the biological significance of palmitoylation,
it would be interesting to introduce these mutations in the F
protein transmembrane and cytoplasmic domains into the MV-
infective cloned DNA (29).
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